The paper describes an investigation of the nature of the law which governs the torque on a Rayleigh disk suspended in a sound field. The torque is found to follow an expression of the form obtained theoretically by Konig, provided that factors such as the finite thickness of the disk and the lack of infinite inertia of the disk are taken into account. The measurements were made at frequencies spread over the range 250-4000 eye./sec. The correction to the torque in Konig's formula made necessary by the thickness of the disk is shown to be large and to have a sign opposite to that determined theoretically by Konig for ellipsoidal disks. The influence upon the torque of the proximity of the wall of a tube has been investigated. The nature of the precautions which should be observed in choosing the form of a Rayleigh disk are discussed with reference to reducing to a minimum the effects on the torque of the thickness and mobility of the disk and of diffraction of sound by the disk.
I n t r o d u c t io n
The Rayleigh disk has long received attention as a means of providing a standard of sound intensity. Its simplicity of construction, and the ease with which it can be used under suitable experimental conditions, alike make it attractive and have led to its common use as a standard against which to calibrate microphones. Rayleigh (1880 Rayleigh ( , 1882 showed that a torque is exerted on a thin circular disk when immersed in a flowing medium. The torque tends to turn the disk at right angles to the direction of flow. Konig (1891) determined mathematically the torque on such a disk on the assumption th at the flow is streamline and steady. He found th at an infinitely thin disk of radius a, when set so th at its normal makes an angle 6 with the direction of flow, should experience a torque given by the expression L = f paW 1 2 sin 26,
where p is the density of the medium (air) and V is the velocity of the flow. Konig showed that the effect of viscosity of the medium is, to a first approximation, to produce a thrust and not a torque. The expression (1) shows th at the torque remains unchanged in sign when the velocity of the medium is reversed, and it is for this reason th at the Rayleigh disk finds application in acoustics. When a disk is placed in a field of oscillatory velocity, L and V must be taken to stand for the mean value of the torque and the root-mean-square velocity respec tively, and Konig's equation in this form serves as a basis of acoustical measurement. Various investigators (e.g. Zernov 1908; Barnes & West 1927) have examined the applicability of Konig's formula to acoustic fields, but almost all of the work has been carried out a t the very lowest end of the audio-frequency range. Until recently no serious fault has been found with the formula, apart from small corrections which have been necessary for the effect of the finite thickness and the lack of complete immobility of the disk. Merrington & Oatley (1939) observed, however, whilst working at very low frequency (9-22 eye./sec.), a discrepancy of 10 % between the torque on the disk and th at deduced from Konig's formula. This discrepancy was attributed to such steady circulations of air about the disk as are under given con ditions to be found around obstacles in a sound field (Andrade 1931) . Merrington & Oatley demonstrated th at circulations of the appropriate type are to be found about the Rayleigh disk under the conditions of their experiments.
The discovery th at the torque on a Rayleigh disk as calculated from Konig's formula can be in error a t low frequency by as much as 10 % throws doubt on calibra tions made at all frequencies. It is therefore important to investigate the accuracy of Konig's formula over the entire range of audio-frequency. In the present paper the behaviour of the Rayleigh disk over the range of frequency 250-4250 cyc./sec. is investigated. The general form of the expression for the torque as found experi mentally is described in the first part of the work, whilst in the second part an account is given of an experimental comparison between oscillatory velocity as determined on the one hand by application of Konig's formula to the Rayleigh disk, and on the other hand from the excursions of smoke particles entrained in the sound field. 2
D e t e r m in a t io n o f t h e fo r m o f t h e l a w g o v e r n in g THE TORQUE ON THE RAYLEIGH DISK
Before Konig's formula is applied to the case of an actual Rayleigh disk, the influence on the torque of the following factors, which were not adequately dealt with in Konig's analysis, must be investigated:
(а) The finite thickness of the disk.
(б) The lack of infinite inertia of the disk.
(c) The diffraction of the sound field by the disk.
(d) The restriction upon the streaming near the disk caused by the proximity of the wall of any enclosing tube.
Each of these factors has in the past received some attention, but only (6) has been investigated satisfactorily. The corrections are by no means negligible, and were therefore investigated in detail.
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No theoretical expression has yet been obtained for the torque on a short cylinder immersed in a sound field. Konig's paper includes a derivation of the following expression for the torque on an ellipsoid of circular principal section of radius a :
provided th a t x, the ratio of thickness to diameter, is much less than unity. This expression implies th at an increase in thickness of the disk leads to a decrease in torque on the disk for disks of ellipsoidal shape. Zernov (1908) has found experi mentally th a t the torque on disks of short cylindrical form is given by L = 2/0( l + 2*78# -9*05a:2), where L 0 = ^pazV2 sin 20 and x is the ratio of thickness to diameter of The measurements were made on a small number of disks a t a frequency of about 90 cyc./sec. This expression indicates th a t an increase in torque accompanies an increase in thickness of the disk, provided th a t x is not very large and this is a t variance with Konig's theoretical result for ellipsoids. I t is clear th a t the correction for finite thickness of the disk requires further investigation.
(6) Lack of infinite inertia of the disk, and (c) Diffraction of sound by the disk
A. B. Wood showed in 1935 th a t a Rayleigh disk immersed in an accelerating medium follows to some extent the motion of the medium. This motion of the disk leads to a reduction in relative velocity between the disk and the medium and therefore to a decreased torque on the disk. Wood has shown th a t because of move ment of the disk, the torque on a light disk used under w ater m ay be reduced as much as 2500-fold from the Konig value.
L. V. King (1935) has produced an excellent m athem atical analysis of the be haviour of the Rayleigh disk and has paid particular attention to the effects of finite inertia of the disk and of diffraction of the sound wave by the disk. For a disk of radius a placed a t an antinode in a system of plane stationary waves, King finds
provided th a t the disk has a diameter small compared w ith the wave-length of the sound. In this formula is the mass of the disk less the mass of the medium dis placed by the disk, m0 is the hydrodynamic mass of the disk (f pa3), and km 2n times the reciprocal of the wave-length. A t low frequency, where ka is much less th an unity, the correction factor reduces, for 0 = 45°, to *%/(?%+ m0), and this is in agreement with Wood's expression for the effect and also with the results of his experiments in water. There can be little doubt th a t this correction should be applied to all experi mental values of torque on the disk.
For frequencies a t which ka approaches unity the correction factor becomes, for 0 - 45°, approximately (l + ^k a^ -m jm j) . This diffraction correction amounts in air to about 1 % of the torque for a disk of J in. diameter a t 3800 eyc./sec., i.e. for ka = 0*22. The correction is therefore im portant only a t the higher end of the audio-frequency range.
In most investigations, including our own, in which the Rayleigh disk is used, care is taken to work only with disks of diameter small compared with the wave length. The smallness of the correction would seem to justify, a t least until further evidence is available, the application of King's theoretical correction, since this rests on as firm a basis as does the general form of Konig's expression for the primary torque. Barnes & West, studying the behaviour of Rayleigh disks a t high frequency, find th a t discrepancies of more than 2 % do not appear between the actual torque and th at given by a formula of the same type as Konig's, provided th a t the ratio of disk diameter to wave-length is less than 0*2. Tomotika (1937) has recently calculated the effect of enclosing walls upon the torque in the case of the two-dimensional analogue of the Rayleigh disk and finds the torque to be increased in the factor
(d) Restriction upon the streaming near the disk, caused by the proximity of the walls of the enclosing tube
where z = (width of disk)/(width of channel), and where 6 = 45°. His calculation assumes the medium to be incompressible and therefore ignores wave effects. His paper includes results of measurements on disks made by Sato in support of the calculations. The brevity of the account makes appraisement of the observations difficult. These experimental results are in qualitative agreement with the twodimensional theory, but show a substantial dependence on frequency. Zernov (loc. cit.) has found experimentally th at in the presence of an enclosing tube the torque is increased in the ratio
where z = (diameter of disk)/(diameter of tube). However, only a small range of z was covered in the work, and the maximum value of the correction was 6*1 %, corresponding to z -0*3. Barnes & West (1927) , working with disks of various si have observed no marked effect on the torque due to the presence of the walls. I t is evident that further investigation of this correction is desirable.
I t is appropriate here to draw attention to a factor which has been reported to cause, on occasion, erratic behaviour of the disk (Barnes & West, 1927) . When the frequency of the sound is close to a resonant frequency of flexural vibration of the disk, the vibrations of the disk modify the sound field and lead to anomalous behaviour. The anomalies are limited, however, to a small range of frequency close to the resonant frequency of the disk.
In order to determine with more certainty the influence on the torque of the factors enumerated above, especially in the range of frequency 250-4000 cyc./sec.> measurements were made by the author to determine how the torque on the disk varies as changes are made in the dimensions and disposition of the disk and in the intensity and frequency of the sound.
A pparatus
(a) Resonant tube and the Rayleigh disk Investigation at audio-frequencies of the torque on Rayleigh disks must be made in a draught-free space and in an acoustic field of known direction and of good uniformity. The most convenient way of providing these conditions is to immerse the disk in the sound field in a resonant tube, such as can be made by closing one end of a tube with a solid reflector and placing a source of sound a t the other end. Rayleigh has shown that the wave front inside a long tube tends to become plane and normal to the axis provided th at the ratio of the diameter of the tube to the wave-length is less than 0-59. Experimental explorations of the field in a closed-end resonant tube have been made by the author for several tubes with the aid of a microphone which receives the sound via a narrow probe-tube (0*159 cm. bore, 0*079 cm. wall) and it has been found th at fields which are to a close approximation plane-stationary can be obtained up to frequencies indicated by the Rayleigh criterion. Marked deviations from the plane-stationary field no not occur until roughly twice this frequency is reached, provided th at the attenuation along the tube is not too great.
Subject to the limitations discussed above, the acoustic field in a closed tube consists of plane, stationary waves in which velocity antinodes are spaced a t odd multiples of j A from the reflector end of the tube. When the tube is in effect closed at both ends and in resonance the total length of the tube is some multiple of the half wave-length (apart from end corrections which are usually small). At all frequencies for which the tube is an odd number of half wave-lengths long, the reflector is at a pressure maximum and the midsection of the length of the tube a t a velocity maxi mum. In the region of the velocity maximum, the velocity is axial and substantially uniform. The midsection of the tube is therefore a suitable place at which to use a Rayleigh disk. The reflector at the end of the tube consists of the flat diaphragm of a microphone. Neglecting dissipation in the tube,* it can be shown th a t the r.m.s. pressure pa t a node in the tube is related to the r.m.s. velocity V a t an antinode b the expression p = ^ where p is the density of the air and c is the velocity of sound. The e.m.f. from the microphone and the r.m.s. velocity a t an antinode are therefore related in magnitude by a constant factor for sound of fixed frequency. Fields of definite acoustic velocity can be maintained in the tube in terms of the voltage produced a t the microphone, and measurements can be made on a series of Rayleigh disks to determine the relations between the dimensions of a Rayleigh disk, the torque and the particle velocity. I t should be observed th a t the construction of such microphones as are suitable for precise measurement is too complicated to allow of direct calculation of velocity a t an antinode from the voltage at the microphone. Thus, for example, the resistance and the effective stiffness associated with the diaphragm of a con denser microphone are critically dependent on the motion of the air in the gap between the diaphragm and back plate, and this motion cannot be satisfactorily determined.
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F ig u r e 1. R esonant tube and disk suspension.
The tube (figure 1) used in the greater part of the experimental work is 68*4 cm. long and of internal diameter 4*440 cm. The wall of the tube is of brass 0*318 cm. thick and the bore is smooth and closely circular in section. The source of sound consists of a moving-coil loudspeaker unit of the diaphragm type such as is used to drive large exponential horns. This type of driver was chosen because it is capable of transmitting considerable acoustic power to the tube without introducing much harmonic distortion. The unit connects by rubber tube with a hole 1*58 cm. diameter in the centre of a brass plate 0*635 cm. thick which closes the driving end of the tube. The condenser microphone a t the other end is fitted with a diaphragm flush with the front of its casing except for a slightly sloping zone at the edge of the diaphragm. The microphone is otherwise of conventional type. Such microphones have been in use over a considerable number of years in this laboratory and have been found to possess very stable pressure sensitivities. The acoustic impedance of the diaphragm is high compared with the characteristic acoustic impedance of the air, and it can be shown that the reflexion a t the microphone end of the tube is substantially complete.
A range of Rayleigh disks was constructed to meet the requirements of the experimental work, and details of the disks are listed in table 1. The disks were either ground or turned so as to have edges smooth and square with the faces. The Rayleigh disk in use was supported at the centre of the tube on a fused-silica suspension 36 cm. long and approximately 6/4 diameter. The suspension was calibrated by means of circular copper inertia disks which were supported by the suspension and allowed to oscillate in a horizontal plane. The measurement of torsion constant as determined for a suspension from two different inertia disks gave agreement to within about O'2 %. The suspension was mounted from a torsion head supported by a column attached to the tube and entered the tube through a hole 0* 16 cm. square in the wall. The torque on the disk was measured in terms of the twist of the torsion head re quired to return the disk to a standard position in the field. The direction of the disk relative to the tube was found from the deflexion of a beam of light reflected from the silvered or polished surface of the disk. The light entered the tube through a thin glass window, 0-95 cm. diameter and 0-015 cm. thick, which was recessed in the wall of the tube so as to affect as little as possible the continuity of the inner wall and the area of cross-section of the tube. The electrical apparatus used in the experimental work needs little description here. The driving unit was supplied with energy from a push-pull oscillator and amplifier capable of providing to the unit an output of about 5 W. The e.m.f. pro duced at the microphone was amplified by a multi-stage amplifier and passed through a tuned-circuit analyser (vide Churcher & King 1934 ) to a rectifier movingcoil voltmeter and the overall gain of the apparatus adjusted to give a convenient deflexion of the meter. The input voltage necessary to produce an equal deflexion was then found from an accurately calibrated potentiometer supplied with voltage of the working frequency from the oscillator.
f inertia ----------------------------------
Measurements of frequency were made in terms of a Sullivan valve-maintained tuning fork which had been standardized a t the N.P.L. and gave a frequency of 1000-0 cyc./sec. Comparisons of the working frequency and the standard frequency were made with a Cossor double-beam cathode-ray oscilloscope which was con nected so that the two sets of plates for vertical deflexion were controlled from the separate supplies. Appropriate adjustment of the time-base makes it possible to obtain a pattern on the screen consisting of two sinusoidal traces moving slowly relatively to each other and containing less, and usually many less, than 30 cycles. Measurement of the slip-rate and of the number of traces in each pattern makes it easy to find the frequency of the oscillator to well within 0-1 % a t all the frequencies used in the experimental work.
The entire electrical apparatus is particularly stable, and it is possible to rely on the constancy of indication of the meter over a period of some minutes to as close an accuracy (about 0-2 %) as it is possible to read the meter.
The bulk of the work on the first part of the investigation involves comparison of torque on different disks when placed at the centre of the resonant tube, and little further information is necessary about the precise nature of the sound field beyond the assurance th at the disk is in a field of uniform axial velocity. However, the comparison of torque on disks in different tubes (see § 4 (b) to follow), depends not only on the uniformity of the field, but also upon the proper location of the antinodes in the tube. With the probe-microphone referred to in §3 (a), explorations of pressure were made along and across the tube and these confirmed th at the field conditions within the tube were satisfactory. Further reference to these field measurements will be made only where necessary.
R esults
In the experimental work described below, the disk was set so th at its normal was at 45° with the axis of the tube, except in the case of the determination of variation of torque with angle.
(a) Variation of torque with intensity of sound
According to Konig the torque on a Rayleigh disk should vary as the square of the oscillatory velocity and therefore as the square of the voltage from the micro phone. The relation, for disk A of table 1, between torque and voltage was found at frequencies of 250, 750, 1250, 4250, and 8250 cyc./sec. over the range of oscillatory velocity 0-13 to 25 cm./sec. (r.m.s.), i.e. intensity levels from 89 to 134 db. or a range of torque of about 37,000:1. The graphs in figure 2 show the ratio (torque)/(square of voltage from microphone) plotted against the oscillatory velocity for frequencies of 750 and 4250 cyc./sec.; the observations at the higher intensities (crosses) were An investigation of the performance of the Rayleigh disk 303 made with a thicker suspension. The curve for 750 eye./sec. shows th at the above ratio is constant to within about 1 % in torque over the whole range of intensity. Similar results were obtained at all the frequencies used except at 4250 eye./sec. In the latter case the graph shows slight curvature, and the departures from con stancy in the ratio may be regarded as significant. This small discrepancy is, how ever, only 2\ % in torque (i.e. a little over 1 % in velocity, if considered in terms of the acoustic field). The substantial constancy of the ratio torque/(voltage)2 is powerful evidence of (a) proportionality between voltage from microphone and acoustic pressure at its diaphragm, and (b) proportionality between torque on the disk and the square of the acoustic velocity at the centre of the tube. In the remainder of the work the above relations are assumed and the square of the voltage from the microphone has been used to characterize the intensity of the acoustic field at the centre of the resonant tube. In the work described below, it is required to find the manner of variation of the torque with changes of other variables for a disk in a field of fixed intensity; for this purpose, measurements of torque were made for a series of intensities for each experimental condition and the mean of ratios of torque/(voltage)2 is used for the comparisons. 6 (6) Effect on torque of proximity of wall of tube
Comparisons have been made of torque/(voltage)2 for various disks in each of two tubes. The first tube is th at already described and has a diameter of 4-440 cm .; the second tube is also of brass and of similar construction and has a diameter of 12-70 cm. and a length which can be varied up to 300 cm. The latter tube is closed at its ends by heavy pistons into whose faces the microphone and the end-piece from the smaller tube can be fitted. The tube has a central suspension column, and the windows and fittings of each of the tubes are arranged so th at the driving unit, the microphone and the disk and suspension can be transferred easily from one tube to the other. The length of the larger tube was adjusted so th at the tubes had a common resonant frequency. Observations were made with the aid of the probe microphone to confirm th at the acoustic field was uniform and properly located with respect to the centres of the tubes. Measurements were then made of the torque on the disks A, E and F of table 1 in each of the two tubes for frequencies 740 and 1250 cyc./sec. For each disk, the difference between the two values of torque/ (voltage)2 provides a chord of the curve which relates torque/(torque in free space) to the ratio (diameter of disk)/(diameter of tube). From the chords the shape of the whole curve has been synthesized. The sets of data obtained are in reasonable agree ment for the two frequencies and a single curve ( of figure 3) has been drawn to summarize the results. Attempts to determine the shape of the curve for a frequency of 2750 cyc./sec. were unsatisfactory, since measurements of pressure showed variations across the tube of rather more than 1 %, i.e. equivalent to more than 2 % in torque. Such uncertainty in the field is large enough to swamp the comparatively small effect of the wall of the tube on the torque. At frequencies higher than 2750 cyc./sec. the field variations, and therefore the uncertainties, were larger.
Curve b in figure 3 shows Tomotika's theoretical results for the two-dimensional analogue of the Rayleigh disk.
(c) Effect on torque of finite thickness of disk
A series of disks (Dj-Dg in table 1), ranging in thickness from 0-0064 to 0-1219 cm., were made of closely similar diameter (1-159 cm.). Measurements were made of the ratio of the torque on each disk to the torque on the disk D, of thickness 0-0211 cm., for the same oscillatory, velocity and the results, suitably corrected with the aid of Konig's formula for the small variations in diameter, are plotted against the ratio (thickness of disk)/(diameter of disk) in figure 4. The thinner disks were made of copper and molybdenum, since disks of glass would have been so light as to involve large corrections for lack of infinite inertia of the disk. Small corrections for lack of infinite inertia of disk were applied in accordance with King's formula. Agreement between the two sets of results corresponding to 749 and 3272 cyc./sec. is sufficiently good to allow a single curve to be drawn through the points to represent the manner in which the torque on a Rayleigh disk depends upon its thickness. Curves are also included in figure 4 to show the shape of this relation as determined theoretically by Konig for ellipsoidal disks, and experimentally by Zernov for cylindrical disks.
(d) Variation of torque with radius of disk
The ratio between torque and radius was investigated for a number of glass disks suspended in the small tube. Comparisons were made in quick succession between torque/(voltage)2 for disk A and for each of the disks B, C, D and E. The torque was Vsk corrected by King's formula for lack of infinite inertia of the disks and by means of figures 3 and 4 of this paper, for proximity of the wall of the tube and for finite thickness of the disk. In figure 5 are plotted the logarithms of the ratios of the torques on the comparison disk and the standard disk against the logarithms of the ratios of the radii of the two disks. The results are shown for the two frequencies 750 and 3270 cyc./sec., and the solid fine which is drawn through the set of points has a slope of 3-00. The measurements show th a t the torque on the disk is closely proportional to the cube of the radius of the disk.
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Rad/as of comparison disk
Radius of stan dard disk F ig u r e 5. Variation of torque w ith radius of disk.
The solid line has a slope of 3-00. © 750 cyc./sec. x 3270 cyc./sec.
(e) Variation of torque with angle between disk and stream
Variations of torque with orientation of the disk relative to the direction of the sound wave were made in the larger tube, since this was fitted with a window sub tending a large angle (75°) at the centre of the tube. The direction which the particle velocity in the central section of the tube would have in the absence of the disk was found from the setting of the torsion head for which the disk remained undeflected in either direction, after the sound was turned on in the tube. This direction was found to coincide with that of the geometrical axis of the tube to well within 1°. Measurements of torque/(voltage)2 were made for various deflected positions of the disk A for frequencies of 740, 1290 and 2900 cyc./sec., and this ratio is compared in table 2 with the sine of twice the angle 0 between the normal to the disk and the direction of the stream. The foregoing series of measurements of torque L at an antinode in a plane stationary sound field on Rayleigh disks, of widely differing dimensions, has shown that the torque varies closely as the square of the r.m.s. velocity and as the sine of twice the angle 6. The measurements show th at for a very thin disk supported rigidly in free space, the torque would be proportional to the cube of the radius a. Thus the torque which would be exerted on an infinitely thin, immovable Rayleigh disk is given bv the expression
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L 1 is here the counterpart of the factor |-p and Konig's expression (1) and must have the dimensions of a density. L x is constant* for air of fixed d maintains over a wide range of frequency (250-5000 cyc./sec.) and such small dis crepancies as may accompany its application lead to errors which, judged by the consistency of the experimental data, are unlikely to be much more than 1 % of the torque.
In the remainder of the investigation the relation between L x and Konig's factor of f p has been found. For this purpose the determination of L, and 6 present little difficulty and evaluation of the ratio reduces largely to an independent measurement of oscillatory velocity.
Evaluation of the numerical constant involved in the expression for
Determinations of sound particle velocity can be carried out without difficulty by a number of methods for frequencies of 50 cyc./sec., and below (vide the work of Zernov and others referred to earlier). At higher frequencies, and especially above 1000 eye./sec., few methods of measurement exist, and such as have been used are indirect and for the most part difficult to analyse with precision. The method adopted by the present author depends on the determination of particle amplitude from the length of the traces of smoke particles entrained in the sound field. This method has been used by Carriere (1929) and by Andrade (1931) , and by Andrade & Parker (i937) ) and approximates closely to direct measurement of one of the fundamental acoustic quantities, viz. oscillatory amplitude. The validity of the method depends on the extent to which the smoke particles take up the full motion of the medium and this is susceptible to approximate calculation and, to some extent, to experi mental demonstration.
The theory of motion of a spherical particle immersed in an oscillating fluid has been worked out by Stokes and others (see Andrade 1931) . If and v0 are the amplitudes of motion of the sphere and of the surrounding medium (air), if R is the radius of the sphere and p0 is its density, if v is the kinematic viscosity and p the density of the medium and if n is the frequency of the sound: I t seems reasonable to suppose that this calculation gives at least the right order of magnitude for the ratio w jv 0, and that the particles follow the motion of the air to within about l % for all frequencies below 4000 eye./sec. Evidence of the smallness 21-2 of the discrepancy between the amplitudes of the smoke and the air particles was provided by observing the amplitudes of oscillating MgO smoke particles which had been standing in a still atmosphere for about 20 min. The particles, some of which had become enlarged by coagulation, showed colours which ranged from blue to red and must therefore have varied considerably in size. Nevertheless, no dis crepancy between the lengths of the traces of different particles was measurable, even at frequencies of 5000 eye./sec.
The smoke particle method appears to provide a standard of sound amplitude which is adequately accurate for measurements up to 2000 or 3000 eye./sec. and is probably not in error by more than 1 or 2 % a t frequencies of 5000 cyc./sec.
Apparatus
The resonant tube of 4*440 cm. diameter, described (cf. Andrade & Parker) earlier in the paper, was adapted by the provision of suitable windows and a micro scope tube, so that measurements could be made of the amplitude of smoke particle F ig u r e 6. R esonant tube fitted for sm oke particle am plitude m easurem ent.
L , arc;
W ,water bath; P , condenser lens; F , felt lagging; 0 15 0 2, microscope objectives; G, eye piece graticule.
traces at the section oi the tube at which the Rayleigh disk was otherwise situated. A cross-section of the tube is shown in figure 6 . The particles were illuminated from an arc-lamp (L )and a large-aperture projection lens (P). As a protection ag convection currents in the air in the tube, a water-bath (W) was interposed between the arc and the tube, and the tube was covered with a thick layer of felt (F). A com posite microscope objective was constructed from two pieces: and 1 in. Davon (Oj) of n.a. 0*26 and a 16 mm. Beck ( 0 2 ) of n.a. 0*28. The focal length of about 2-5 cm., an n.a. of 0-11 and a sufficiently large working distance (about 2*5 cm.) to allow measurements to be made of the particle amplitude at various distances from the axis of the tube. Measurements of the length of traces was made by fitting to the eyepiece a glass graticule consisting of two parallel fines. The intensity of the sound in the tube was adjusted so th at the ends of the particle as seen through the microscope appeared just to touch the fines. The effective separation of the fines in the object-space was determined by calibration against an engraved scale which itself had been checked by the N.P.L. A series of graticules was used with spacings which range, when referred to the object-space, from 15-3 to 251-9/j.
Results
At each of the working frequencies, corresponding measurements of length of trace and output voltage from the microphone were obtained and plotted for a
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Length of Particle series of about six graticules of different spacing. In each case the traces of about ten separate particles were measured. Figure 7 shows typical curves of apparent length of particle trace against voltage from the microphone for the frequencies 749 and 3275 cyc./sec. In each case the curves are straight lines which cut the length axis at a distance from the origin of between 3 and 4//. The intercept represents the effective diameter of the diffraction disk produced by the microscope and is in close agreement with the theoretical value (3/4) of the diameter given by . T22A/n.a., where A is the mean value of the wave-length used and n.a. is the numerical aperture of the objective system (0T1). The factor k, which depends on the visual acuity and has a value of about 0*5, is the ratio of the apparent diameter of the disk to the eye, to the diameter of the first minimum of the Airy diffraction pattern. From the slope of the graph, the value of the ratio (particle amplitude)/(voltage) was obtained. Using this ratio, the velocity at the centre of the tube for any intensity of sound of this frequency could be found in terms of the voltage from the micro phone. The tube and associated apparatus were then rearranged and the ratio of torque/(voltage)2 determined for the Rayleigh disk A. The torque was suitably corrected for the thickness and lack of infinite inertia of the disk, for diffraction and for proximity of the disk to the, wall of the tube. D otted line gives axis of reference on assum ption th a t particle is a sphere o f radius 0*3[i and that form ula 9 describes the departure of the sm oke particle am plitude from th e air particle am plitude.
experimental determination of L x, the smoke particles have been regarded as fol lowing exactly the motion of the air. If we assume th at the formula (9) gives the relation between the lengths of the traces of the smoke and the air particles and th a t the particles have an effective radius of 03//, the values of L x/^p in figure 8 must be reduced in accordance with the results of table 3. The amount of the correction to the ratio is shown by the dotted curve in figure 8 and with the above assumptions this dotted curve should be regarded as the axis to which the ratio Z^/f/> should be referred. For purposes of comparison, the values obtained for the ratio of L x to (f at a much lower frequency (9-22 eye./sec.) by Merrington & Oatley, have been corrected for the effect of finite thickness of the disk by use of figure 4 of this paper and the mean value is plotted as a circled point in figure 8 . Application of the correction curve figure 4 improves on the whole the consistency between the individual results of the above authors.
In the region of 750 eye./sec. a second comparison was made between and (f using an electromagnetically driven diaphragm as a driving unit for the tube. The ratio agreed with th at previously obtained to within 1 %.
G e n e r a l d is c u s s io n
In the paper the form of the expression for the torque on a Rayleigh disk of cylindrical shape in a sound field has been investigated over a long range of intensity and frequency. During the investigation, the dependence of the torque on the thickness of the disk and the modification to the torque which result s from enclosing the disk in a smooth circular tube have been found. The experiments show th at as the disks become very thin and substantially immobile, the expression for the torque tends to a form similar to that put forward on theoretical grounds by Konig. As the disk becomes thicker the torque tends to increase: fora cylindrical disk of thick ness 0-02 of its diameter the torque is increased by 3 %. The thickness therefore has a marked effect on the torque, of a sign which is different from th at deduced by Konig for disks of ellipsoidal form. This conclusion is in agreement with the results of Zernov, who worked with sound of much lower frequency. The effect of the wall of a cylindrical enclosing tube on the torque is shown to be small provided th a t the diameter of the tube is more than twice that of the disk. Tomotika has obtained theoretically a similar Result for the two-dimensional analogue of the Rayleigh disk, using assumptions similar to those of Konig. The correction to the torque for the tendency of the disk to follow the oscillatory motion of the sound, has been determined independently both by Wood and by King and has been applied to the results of the present work. King's correction-a diffraction correction-for the effect on the torque of the compressibility of the medium has been applied to the results, but it is likely th at the correction is small since it was possible to use disks of diameter small compared with the wave-length. Experimental confirma tion of the size of this correction is difficult to obtain. Large, and therefore easily measurable, effects are obtained only when the diameter of the disk is of the same order as the wave-length of the sound. The diameter of the enclosing tube must therefore be of the same order as the wave-length and in this case it is difficult to produce longitudinal waves in the air column without introducing transverse waves which distort the field and provide a spurious torque.* The assumptions of streamline flow, and the absence of discontinuous flow, are made in Konig's theory of the Rayleigh disk, and the failure of these assumptions would invalidate Konig's expression for the torque. I t must be borne in mind th a t the agreement in general form between the experimental results and those predicted by Konig's expression is not in itself evidence of the applicability of Konig's theory. If we commence with the premise th at the torque must depend upon a simple product of some power each of the density of the air, the radius of the disk and the velocity of the air, it can be shown by the method of dimensions th at the torque varies directly as the density, directly as the cube of the radius and directly as the square of the particle velocity. I t is therefore probable th a t even if turbulence were present in the sound field near the disk, an expression of the form L -L xa2V2 sin 2d would continue to describe the torque on the disk. Justification of the validity of Konig's analysis is best afforded by comparison of the experimental value of with the Konig value (f p )of this factor. The comparison has been described in the second part of this paper.
The comparison of L x with f p requires the independent determina velocity, and this has been made by means of measurement of amplitude of smoke particles in the sound field. The comparisons show th at the torque exerted on the disk is larger than is given by Konig's formula by an amount between 0 and 7 %. The magnitude of this discrepancy varies with frequency and is least in the neigh bourhood of 1200 eye./sec. At 250 eye./sec. the discrepancy is about 7 % of the torque, and this agrees within 2 % with the observations of Merrington & Oatley when working under very different experimental conditions at frequencies between 9 and 22 eye./sec. With regard to the cause of this lack of agreement between the experi mental and the Konig values for the torque, there is little which can be added save in confirmation of the observations of Merrington & Oatley. Investigation of the motion of smoke-laden air in the sound field in the neighbourhood of the Rayleigh disk confirms the existence, over the whole range of frequency and intensity covered by the present work, of Andrade vortices. There is strong evidence of the continued existence of these circulations for the lowest velocities a t which it is possible to * The corrections w hich have been discussed above can in practice be m ade sufficiently sm all (say, less than 2 % of the torque) not to introduce serious errors in th e application o f K onig's expression. Thus for a glass disk 0-63 cm . diam eter and 0-007 cm. thick, th e correction for diffraction (in air) is 1 % of the torque for 3800 cyc./sec. and th e correction due to p roxi m ity o f the w all o f an enclosing tube 5 cm. diam eter is -0-6 %. The correction for th e th ic k ness o f the disk is -1-8 % and th a t for th e m obility o f the disk is +1-8 % o f th e torque. The last tw o of these corrections can each be reduced b y using a slightly thinner disk m ade from a dense m aterial such for exam ple as polished stainless steel. estimate movement of the particles. No abrupt transition to vortex-free con ditions could be observed. The apparent absence of transition is supported by the linearity of the relation between torque on the disk and the square of voltage from the microphone. The slight departure from linearity which is shown in figure 2 for 4250 eye./sec. does not suggest th at the torque on the disk, even a t this frequency, tends to be consistently lower for very small velocities.
At 750 eye./sec. an attem pt was made to estimate the magnitude of the torque on the disk due to the steady circulations. The circulations were made visible by blowing magnesium oxide smoke into the air near the disk, and the shapes of the principal sections of the pattern were photographed using flat-beam illumination. Measure ments were made of the velocity, for a given intensity level of the sound, a t various points in the field and the magnitude of the streaming velocity close to the disk was estimated from the data. From the velocity an assessment was made in the following manner of the torque which should accompany the circulations. The maximum value of the defect of pressure near the surface of the disk was calculated by Ber noulli's law from the maximum velocity near the disk, and this defect of pressure was multiplied by one-third of the area of the disk to set an upper limit to the force on each face of the disk. The force was then multiplied by the diameter of the disk. These operations might be expected to give an overestimate of the magnitude of the torque due to the vortices. Investigation showed th at this torque, although of correct sign, appears to be rather less than 1 % of the total torque and therefore insufficient to account for the departure from Konig's formula.
The discrepancies of figure 8 are too large to be accountable in terms of experi mental uncertainty. Such residual errors as may be associated with the uncertainty in the experimental measurements described in this paper are unlikely to be much larger than 1 % in particle velocity, i.e. 2 % in torque. The measurements of torque, radius of disk, density, frequency and voltage were made with a precision sufficient to determine L x to within 0-2 %. The largest uncertainties are due to three possible causes. Harmonic distortion of the acoustical waveform might have introduced errors in L x of up to 0*5 % during measurements of torque or of particle amplitude. In the higher frequency region, i.e. above 3000 cyc./sec., the observed non-uniformity of the sound field might have introduced errors of 1 % in the determination of Measurements of smoke particle amplitude could be made to about 1 %, th at is, corresponding to an uncertainty of about 2 % in
The investigation confirms the stability of performance of the Rayleigh disk and justifies its continued use as a standard of reference of acoustical intensity. Cal culations of the particle velocity of the medium in terms of the torque on the disk must take account of the failure of the numerical factor f in Konig's formula and suitable corrections amounting from 0 to 3-5 % of the particle velocity must be applied according to the results of figure 8. For the large bulk of measurements made in acoustics with microphones, an accuracy of 1 db. in intensity is adequate; in such work the corrections enumerated above, which amount to no more than 0-3 db., are barely significant.
